Abstract Growth hormone (GH) pituitary tumors are associated with significant morbidity and mortality. Current treatments, including surgery and medical therapy with somatostatin analogs (SSA), dopamine agonists and/or a GH receptor antagonist, result in disease remission in approximately half of patients. Predictors of GH tumor response to different therapies have been incompletely defined based on histologic subtype, particularly densely (DG) versus sparsely (SG) granulated adenomas. The aim of this study was to examine our own institutional experience with GH adenomas and correlate how subtype related to clinical parameters as well as response to surgery and medical therapies. A retrospective chart review of 101 acromegalic patients operated by a single neurosurgeon was performed. Clinical data were correlated with histologic subtype and disease control, as defined by IGF-1 levels, and random growth hormone levels in response to surgery and/or medical therapies. SG tumors, compared to DG, occurred in younger patients (p = 0.0010), were 3-fold larger (p = 0.0030) but showed no differences in tumor-invasion characteristics (p = 0.12). DG tumors had a higher rate of remission in response to surgery compared to SG, 65.7 vs. 14.3 % (p \ 0.0001), as well as to medical therapy with SSAs (68.8 % for DG vs. 28.6 % for SG tumors; p = 0.028). SG tumors not controlled with SSAs consistently responded to a switch to, or addition of, a GH receptor antagonist. Histological GH tumor subtyping implicates a different clinical phenotype and biologic behavior, and provides prognostic significance for surgical success and response to medical therapies.
Introduction
Acromegaly, a disorder of growth hormone over-secretion, is almost always due to a pituitary growth hormone (GH) adenoma. GH tumors represent up to 15-20 % of all pituitary tumors, and more than 65 % are macroadenomas, with associated compressive clinical signs of headaches, visual impairment, and hypopituitarism [1, 2] . Long-term persistent elevation of GH levels is associated with cardiovascular, pulmonary, neoplastic and metabolic complications, leading to significant morbidity, and a 10-year reduction in life span [2] . The management of patients with GH tumors is focused on normalization of GH levels and its downstream target, insulin-like growth factor 1 (IGF-1) levels adjusted for age and gender [3, 4] .
First-line therapy for most GH tumors is surgical resection [3] . However, more than 50 % of acromegalic patients have persistent disease after surgery, even in experienced pituitary centers [5, 6] . When biochemical remission is not achieved by a surgical approach, single or combined medical therapies with somatostatin analogs (SSA), growth hormone receptor agonist, and/or a dopamine agonist are indicated [4] . Although early studies reported remission rates of 50-60 % with SSAs in pre-selected patients, recent literature suggests that remission rates are actually less than 30 % in unselected patients [7] [8] [9] . Pegvisomant (PEG), a GH receptor antagonist, achieved IGF-1 normalization in 60-70 % of patients, although some of the non-response might be attributable to inadequate dose titration [10, 11] . The dopamine agonist, cabergoline, achieved GH and IGF-1 normalization in approximately 10-30 % of cases and has a role in acromegaly treatment limited to those with mild IGF-1 elevations [3, [12] [13] [14] . Radiotherapy, used in patients with persistent uncontrolled disease, has a prolonged onset of action and carries risk of long-term untoward side-effects, such as hypopituitarism and possible increased stroke risk [3] .
The variable and inconsistent response of GH tumors to primary surgical resection, as well as post-operative medical therapies, has increased interest in identifying clinical, radiological, histological, and genetic markers to better predict GH tumor behavior. Clinical factors such as age, gender, and tumor size have been previously examined, albeit with inconsistent results [5, 15] . GH tumor subtyping has been also evaluated as it relates to clinical outcomes.
Using electron microscopy (EM), GH tumors have been subtyped into densely granulated (DG) adenomas that contain abundant secretory granules and sparsely granulated (SG) adenomas with sparse granules [16, 17] . Yamada et al. [18] showed that immunohistochemistry for cytokeratin (CAM5.2 keratin stain), to identify circular intracytoplasmic collections of keratin filaments known as fibrous bodies (FBs), can be used as a surrogate to EM to distinguish between DG and SG growth hormone tumor subtypes. All studies agree that large numbers of diffusely distributed FBs are indicative of the SG growth hormone adenoma type [18] [19] [20] [21] [22] . Some GH adenomas otherwise indistinguishable from DG adenomas on light microscopy do contain small numbers of FBs; Obari et al. [20] coined the term ''intermediate variant'' for these adenomas and noted that these tumors behaved similarly to DG growth hormone adenomas.
Although cytokeratin is known to have important roles in cellular structure and function, the mechanism underlying variable cytokeratin patterns in GH tumors remains unknown [23] . Prognosis based on specific histologic cytokeratin pattern has been suggested, although the literature is conflicting [24] [25] [26] . Prior reports found that SG tumors are more common in young patients (\50 years), often are larger, and may have lower GH/IGF-1 levels than DG tumors [20, 24, [27] [28] [29] [30] . SG tumors are thought to be less responsive to SSAs than DG tumors, although the mechanisms underlying the differences in tumor behavior are incompletely defined [25, [29] [30] [31] [32] . Importantly, although GH tumor cytokeratin histologic subtyping has been suggested as a potential marker of response to therapy and overall prognosis [28] [29] [30] [31] [32] , it is not used routinely by clinicians in the clinical management of acromegalic patients. The most recent guidelines, for the first time, suggested that SG tumors might be associated with disease persistence, although this was not fully agreed on by consensus participants [33] .
Therefore, we reviewed our own experience with GH pituitary tumors to assess whether GH adenoma subtypes correlated with baseline clinical, laboratory, or radiologic characteristics, and/or predicted a differential response to surgical and medical therapies.
Materials and methods

Patients
A retrospective chart review of 111 consecutive patients with a diagnosis of acromegaly was completed with Colorado Multiple Institutional Review Board (COMIRB) approval. The diagnosis of acromegaly was made based on clinical findings and biochemical elevation of GH and IGF-1 levels and confirmed on pathological examination by the neuropathologist on the study (B.K.D.). All of the patients underwent transsphenoidal pituitary surgery, for a GHsecreting adenoma by a single neurosurgeon (K.O.L.), between January 1997 and September 2012. Patients who did not achieve disease remission, defined as normalization of IGF-1 at 3-months post-operative visit and had an inappropriately elevated random GH level, were treated with medical therapy with an SSA, with titration every 3-4 months until IGF-1 normalization or maximum dose was achieved for C3 months. Patients whose IGF did not normalize with maximal dose of SSA were either switched to the GH receptor agonist, pegvisomant (PEG) as a single agent, or received combination therapy (SSA/PEG). No patient received prolonged treatment with a dopamine agonist. Importantly, if the patient received pituitary radiation therapy, their inclusion in the study was terminated at that point.
Hormone evaluation
Serum growth hormone (GH) and/or insulin-like growth factor 1 (IGF-1) levels were measured at baseline preoperatively, then post-operatively at 2-weeks and 3-months, followed by annual visits. Plasma GH was measured using Quantitative Chemiluminescent Immunoassay (Immulite Immunoassay Systems; Siemens Medical Solutions Diagnostics) with lower limit of detection at 0.01 ng/mL. This assay is standardized to the Recombinant Second International Standard, National Institute for Biological Standards and Control (NIBSC) 98/574. IGF-1 level was determined using Quantitative Chemiluminescent Immunoassay (Immunodiagnositic Systems; Isys technologies) with detection level of 10 ng/mL. IGF-1 is standardized to World Health Organization (WHO) international standard 02\254. IGF-1 levels were calculated and reported as fold-change from upper limit of normal (ULN), matched for age and sex. Remission was defined as IGF-1 level within normal limits for age and gender. Random GH levels and OGTT were assessed where available, with oral glucose tolerance test (OGTT) GH cut-off at \1 ng/mL.
Neuroimaging evaluation
Standard pre-operative and post-surgical magnetic resonance images (MRI) of pituitary, with and without gadolinium contrast, were retrospectively evaluated for the purposes of this study by the neuroradiologist (M.T.B.) on a PACS (Picture archiving communication system) (McKesson). Tumor length, width, and depth were recorded, and tumor volume was calculated using formula: 0.5 9 width 9 length 9 height (mm 3 ) [34] . Cavernous sinus invasion was also evaluated and defined as tumor circumferentially around an internal carotid artery and lateral tumor extension beyond medial wall of cavernous sinus. Optic chiasm compression was documented as perceived physical contact between tumor and optic chiasm structure as assessed by the neuroradiologist.
Histopathological evaluation
Tumor tissues resected by surgery were submitted in toto and were fixed overnight in 10 % buffered formalin. Sections from the paraffin blocks were cut at 4 microns and stained with hematoxylin and eosin, Gomori reticulin, and periodic acid Schiff-orange G histochemical stains. Immunohistochemical staining (IHC) for anterior pituitary hormones was performed using the peroxidase-antiperoxidase complex technique, with light hematoxylin counterstaining. Antisera used in IHC studies included synaptophysin (monoclonal, pre-diluted; Ventana, Tucson, AZ), adrenocorticotropin hormone, growth hormone (both polyclonal, pre-diluted; Cell Marque, Rocklin, CA), alpha subunit (monoclonal, 1:400, Biogenex, San Ramon, CA), follicle-stimulating hormone (1:50), luteinizing hormone (1:50), thyroid-stimulating hormone (1:100) (all monoclonal, Dako, Carpinteria, CA), and prolactin (polyclonal, pre-diluted; Signet). Growth hormone tumor subtyping using CAM5.2 (monoclonal, prediluted; Becton-Dickinson) was assessed based on the distribution pattern of keratin filaments.
Positivity for CAM5.2, staining for cytokeratin, shows several patterns in GH tumors as shown in Fig. 1 : densely granulated (DG) growth hormone adenomas with cytokeratin filaments throughout the cytoplasm and an absence of rounded CAM5.2 IHC-positive fibrous bodies (FBs) (panel A); sparsely granulated (SG) growth hormone adenomas with numerous, diffusely distributed FBs (panel B.), and intermediate (DG/SG) granulated tumors, resembling DG growth hormone adenomas by light microscopy but containing scattered FBs (panels C and D). DG subtype was assigned when perinuclear cytokeratin immunostaining without FB formation was present in over 70 % of cells, SG type was categorized when FBs were present in over 70 % of cells, and ''intermediate pattern'' was assigned when more than 30 % of cells deviated from the dominant CAM5.2 pattern, as previously described [20] . Record was made as to the presence or absence of co-secretion of prolactin and alpha subunit; other hormone types were not usually found in these GH adenomas.
Statistical analysis
Patient and tumor characteristics were compared between the two tumor subtypes SG and DG (containing both DG and intermediate histology) using two-sample t-tests or v 2 tests as appropriate. Tumor volume and the hormone measurements were skewed. Thus, analyses were completed after log (basee) transformation. Results are presented as geometric means and 95 % confidence intervals (CI). Differences in response to surgical and medical treatment by tumor subtype were assessed using Fisher's exact test given the small samples. The association between tumor subtype and remission from primary surgery was further assessed using logistic regression and the final model adjusted for age and log tumor volume. Given the small samples, a similar analysis on remission from SSA or PEG could not be performed. All analyses were performed using SAS v9.3 (Cary, NC). p-values \0.05 were considered statistically significant.
Results
Patients
A retrospective chart review identified 111 patients with a diagnosis of acromegaly that had undergone transsphenoidal Importantly, all the patients were medication-naïve prior to surgery. Histologic subtyping could not be performed for 10 tumors, due to the absence of archival paraffin tissue blocks on the oldest cases in the series, and these cases were excluded from the analysis. Thus, 101 patient samples were included in the analyses. Initially GH tumors were subdivided into three separate groups (SG, intermediate and DG), and we concluded, as others previously [20, 29, 30] , that intermediate and DG tumors were similar. DG and intermediate tumors were thus combined into a single DG group. The tumors included 70.3 % (N = 71/101) DG and 29.7 % (N = 30/101) SG subtype. As expected, tumors showed immunostaining for GH only (N = 86), with small amounts of PRL immunostaining in a minority (N = 15). Similar to the study by Obari et al. [20] , we found that alpha subunit was detected more often in DG (40 %, N = 29/71) compared to SG tumors (6 %, N = 2/30) (p = 0.0015). Mean follow-up was similar for the 2 groups (mean ± SD): 2.4 ± 2.5 years for DG and 3.2 ± 2.3 years for SG (p = 0.19).
Post-operatively data on normalization of IGF-1 level were available in 28 SG and 67 DG tumors, and absolute IGF-1 values with reference IGF-1 levels were reported in 22 SG and 42 DG tumors, respectively. Patients who did not achieve remission with surgery (49.5 %, N = 47/95) were started on SSA (octreotide LAR or lanreotide autogel) at 3-12 months post-op, and follow-up was available for 30 patients (16 DG and 14 SG subtypes). Patients not controlled with a maximum SSA dose (monthly octreotide LAR 30-40 mg or lantreotide autogel 120 mg for C3 months) were switched to pegvisomant (10-40 mg/d), or pegvisomant was added to SSA therapy (data available on 10 patients (3 DG and 7 SG)). In our cohort, treatment with dopamine agonist was given only short term in 5 patients and thus was not included in the analysis.
Clinical characteristics
Clinical patient characteristics are outlined in Table 1 . Consistent with prior literature, age was differed by histologic subtype (p = 0.0010). Patients with SG tumors were younger than those with DG, 40.4 ± 13.7 vs 50.0 ± 12.8 years, respectively (Mean ± SD). There was no difference in gender across GH tumor subtypes (p = 0.62).
Neuroimaging results
The results of the analysis of tumor size and invasion assessed by MRI are summarized in Table 1 Despite the size differential, however, rates of cavernous sinus invasion did not differ between the subtypes (p = 0.12; 54.6 % SG and 35.6 % DG). Rates of optic chiasm compression also did not differ significantly between the tumor types (p = 0.50; SG 21.7 %, compared to 13.6 % of DG). Evidence of residual tumor post-operatively on 3-month follow-up MRI was higher in SG 45.4 % (N = 5/11) compared to 18.2 % DG (N = 6/27) tumors, although these differences did not reach statistical significance (p = 0.11). Hormonal results
As shown in Table 1 , despite a difference in the size of tumors based on histological subtyping, the pre-operative IGF-1 level fold-change above the upper limit of normal (ULN) and random GH level did not differ between GH tumor subtypes, p = 0.80 and p = 0.54, respectively. GH index, defined as ratio of baseline GH and tumor volume, was higher in the DG subtype (0.019 (95 % CI 0.012-0.030) compared to SG (0.0035 (95 % CI 0.0012-0.011); p = 0.013). At 3 months after surgery, IGF-1 fold-change from ULN was significantly higher in SG (N = 21) than DG tumors (N = 42) (p = 0.0007). Random GH levels were also higher in SG (N = 13) than DG (N = 37) (p = 0.0061). Overall 67.3 % (N = 68/101) of patients had post-operative GH levels measured with IGF-1 to determine whether their disease was in remission. Only three patients displayed discordant tests with high GH and normal IGF-1. However, each had normal OGTT, suggesting that the random GH level was a result of normal GH pulsatility.
Response to surgery
Rates of remission, defined as IGF-1 normalization, are shown in Fig. 3a . The rate of remission after primary surgical resection of GH tumors was 50.5 % (N = 48/95). With respect to GH subtypes, significantly fewer patients with SG tumors 14.3 %, (N = 4/28) were in remission at 3 months and during the follow-up period compared to other tumor subtypes, DG 65.7 %, (N = 44/67) (p \ 0.0001). This finding was attenuated but consistent, after adjusting for age at surgery and log tumor size (p = 0.0012). Prior to adjustment, the odds of remission in the DG subtype was 11.5 times (95 % CI 3.6-37.0) those with SG tumors (p \ 0.0001). After adjusting for log tumor volume and age, the odds of remission in the DG subtype was 7. At 3-months post-operatively compared to baseline, the difference in the drop in the IGF-1 fold-change from ULN, was significantly lower in SG (44 % reduction; N = 19) compared to DG (72 % reduction; N = 37; p = 0.0003), as shown in Fig. 3b . Similarly, the difference in the drop in random GH between baseline and 3-months post-operatively was lower in SG (80 % reduction; N = 12) compared to DG (95 % reduction; N = 27; p = 0.021).
Response to medical therapy
When surgical resection was not curative, the overall response rate (defined as age and gender normalization of IGF1 levels) after treatment with somatostatin analogs was 50 % (N = 15/30). The cohort of patients treated with SSAs had mean follow-up for 3.54 ± 2.02 years. As shown in Fig. 4a , there was a significant difference in SSA response between the GH tumor subtypes. Only 28.6 % of SG (N = 4/14) responded to treatment with SSA, in contrast to 68.8 % of DG (N = 11/16) with normalization of IGF-1 levels, (p = 0.028). Only one patient (with a SG tumor) who was SSA responder, by IGF-1 criteria, had an abnormal GH level without OGTT as its utility has been questionable in assessing response to SSA and is generally not recommended [35] .
Data were available for 10 patients who were not controlled with SSA and were placed on PEG. Of these, 4 SG and 2 DG were switched to PEG, whereas 3 SG and 1 DG were on combination SSA and PEG treatment. As shown in Fig. 4b , the response to PEG was similar for the SG and DG subtypes (p = 0.30). In contrast to a low response rate of SG tumors to SSA therapy, 100 % (N = 7/7) of SG patients showed normalization of IGF-1 while on PEG treatment.
Discussion
In this large cohort of consecutive GH adenomas examined from a single institution, with maximal surgical resection performed by a single neurosurgeon (K.O.L.) and retrospective neuroimaging review by a single neuroradiologist (M.T.B.) for residual disease assessment, we show that clinical characteristics and response to surgical and medical therapies correlate with GH adenoma subtype. This is a useful finding for both pathologists and clinicians who wish to use CAM5.2 on GH adenomas for diagnosis, clinical management, or medication stratification purposes.
The distribution of GH tumors in our series (54.9 % SG, 30.4 % DG and 14.7 % intermediate) was within the range of prior literature, which actually has been quite variable, with DG representing 39-79 %, SG 13-35 %, and intermediate 5-57 % of GH subtypes (see Table 2 ) [18, 20, 27-31, 36, 37] . These wide ranges may be attributed to variable subtyping classification systems used, as well as the grouping of DG and intermediate subtypes together, as preferred by some authors [29] . In our analysis, we combined DG and intermediate groups and confirmed that SG tumors more often occur in younger patients compared to DG [20, 27, 28, 30, 37] . Several studies reported that SG tumors are more frequently found in female patients [18, 29, 32, 37] ; however, in our population, and in agreement with four previous reports, there was no correlation between the gender and GH tumor subtype [20, [28] [29] [30] [31] .
The literature has also been inconsistent regarding correlation of GH tumor subtypes and tumor volume and invasive characteristics, partially due to a lack of a widely accepted pituitary tumor staging criteria and small sample sizes. Similar to prior publications of Brzana et al. [29] and Bakhtiar et al. [30] , we documented that SG tumors were significantly larger, compared to other tumor subtypes. Although cavernous sinus invasion characteristics and optic chiasm compression did not statistically differ, we noted a trend toward higher rate of invasive characteristics in SG tumors. Other groups have used the Wilson modification of Hardy's criteria and/or Knosp criteria and suggested that SG tumors are both larger and have more suprasellar extension or diffuse sellar invasion [18, 20, 27, 28, 37, 38] . In contrast, a recent study from Fougner et al. [31] reported no difference in tumor volume or tumor invasiveness between GH tumor subtypes, but small numbers of SG tumors likely limited the statistical power in that study. Collectively, the data suggest that SG tumors more often occur in a younger people, are larger, and likely have more invasive tumor characteristics.
Baseline IGF-1 levels, corrected for age and gender, and GH levels have been shown to correlate with GH tumor subtype, although random GH levels need to be interpreted with caution due to the normal physiologic pulsatility of GH [18, 20, 27, 30, 31] . In our study, similar to previous reports, baseline IGF-1 and random GH levels were similar across GH tumor subtypes [18, 20, 27, [29] [30] [31] . Some authors have suggested that DG tumors have higher GH or IGF-1-to-tumor volume ratios [30, 31] , while others suggested the ratio is higher in SG tumors [25] . In our study, GH-to-tumor volume ratios were higher in DG tumor subtypes.
Surgical response based upon GH tumor subtype has been evaluated by several groups [28] [29] [30] . Mazal et al. [28] reported that compared to DG tumors, patients with SG tumors more often have incomplete resections leading to re-operation. Bakhtiar et al. [30] reported surgical cure in 42.3 % of SG (N = 30) tumors compared to 60.4 % (N = 111) in non-SG tumors (p = 0.076). In contrast, a recent study reported similar rates of surgical cure across different subtypes between 50 and 55 % [29] , which might be attributed to relatively short-term mean follow-up of approximately 1 year. In our patient cohort, there was a marked difference in post-operative remission with approximately 65 % of non-SG tumors achieving cure after surgery, compared to 14 % of SG tumors, independent of patients' age and tumor size. Consistent with this finding, differences in the drop in post-surgical IGF-1 compared to baseline fold-change from ULN between different GH tumor subtypes were observed. We confirmed that DG tumor subtype demonstrates a better response to medical therapy with SSAs than SG tumors [25, 29, 31, 38] . We also evaluated the correlation of GH tumor subtype to response to GH receptor antagonist, pegvisomant (PEG). Patients with SG tumors showed a uniform rate of remission to PEG compared to their inconsistent response to SSAs. To our knowledge, this is the first report in the literature correlating GH tumor histologic subtypes to responses to medical therapy with PEG. We acknowledge that residual adenoma volume after surgical resection may affect response to anti-tumor therapies, but have eliminated variable surgical expertise and approaches as a confounding variable since a single neurosurgeon performed all procedures and with the intent of a gross-total resection whenever possible.
Although this and previous reports have suggested a differential clinical behavior between GH tumor histological subtypes, the underlying mechanisms for these responses are not clear. Several groups have reported downregulation of E-cadherin and epithelial splicing regulatory protein 1 (ESRP1) in SG tumors, as part of epithelial-to-mesenchymal transition pathway, but the functional significance remains unknown [20, 30, 31, 39] . A recent study explored the roles of calcium, cAMP, and zinc-finger protein (ZAC1)/(pleomorphic adenoma genelike 1) PLAGL1 pathways, but concluded none were driving the differences in GH tumor subtype behavior [36] . Several groups have suggested that decreased somatostatin receptor subtype 2a (SSTR2a), expression in SG compared to DG tumors predicted responsiveness to SSA [29, 36] . Alternatively, SSA resistance in patients with high SSTR2 expression might be explained by aryl hydrocarbon receptor-interacting protein (AIP) expression, although differential AIP expression has not been reported based upon histologic subtype to date [40] . Several groups have explored SSTR5 expression in SG tumors, but the findings have been inconsistent [36, 38] . Currently, none of these markers have been validated for routine diagnostic assessment of GH adenomas. Immunohistochemistry for CAM5.2, on the other hand, is widely available, and its use has been recommended for subtyping of GH adenomas in the recent College of American Pathologists guidelines [41] . Limitations of this study and in conjunction with the relative rarity of the condition include (1) the retrospective study design, (2) tumor size and invasion assessment limited to MRI imaging, (3) no data on the erosion of sellar floor, (4) the limited number of patients treated with pegvisomant, and (5) the lack of post-operative oral glucose tolerance tests in addition to normalization of IGF-1 levels to confirm remission or cure. Although the IGF-1 quantitative chemiluminescent immunoassay has been used recently, various assays have been used in the past. To circumvent the variability in the assays, we used the fold-change from the upper normal range of IGF-1 level. Strengths of the study include: (1) a relatively large sample size for a single institution, (2) lack of any medical pretreatment before surgery, (3) uniformity of the surgical approach, and radiographic and histological evaluations by a single, experienced neurosurgeon, radiologist, and neuropathologist, respectively, and (4) a relatively long follow-up period.
In conclusion, our data support the assertion that the GH tumor histologic subtyping is a useful tool to predict tumor behavior and associated response to surgical and medical therapies. Our study confirms prior literature that SG tumors are less likely to be cured by surgery independent of patient age and tumor size. The patients with residual SG adenomas are less likely to achieve remission with SSA but consistently showed an excellent response to PEG. Although this is an expected response, based on the PEG mechanism of GH receptor antagonism, and not GH tumordirected therapy, this is still an important clinical finding suggesting consideration of the potential need for a different prioritization of medical therapy based upon histologic subtyping. Further research is needed to identify additional molecular biomarkers to better predict treatment response for patients with acromegaly. Nevertheless, we have demonstrated that GH subtyping yields important clinical prognostic and therapeutic information, and suggest that it should be considered in the standard pathological evaluation of all GH-secreting pituitary adenomas.
